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past year, knowledge of the system involving TNF-related 
apoptosis-indudng ligand (TRAIL) and its receptors has 
increased via genomic database analysis to include four 
distinct receptors that interact with a single figand. Currently, 
these molecules are of major interest due to their potential 
roles and application in cancer therapy. 
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Introduction 

Although cellular death was first observed over 150 years 
ago during studies on amphibian metamorphosis (cited in 
[1])» it was not pursued with as much interest as other basic 
cellular processes because most scientists thought it was 
simply a degenerative phenomenon produced by injury. 
The idea that cell death occurred as a genetically con- 
trolled event in healthy animals did not gain wide 
acceptance until the early 1980s through studies in the 
nematode Cotnorhabdihs tkgans [ZJ]. Dramatic advances 
in apoptosis research have occurred recently, with the 
identification and characterization of numerous ccll-dcath- 
tnducing molecules and their cognate receptors as well as 
the dissection of the molecular components of the cell 
death machinery. Many of these advances stem from 
bioinformatic approaches using motifs derived from previ- 
ously characterized molecules to search genetic databases 
for related proteins (cloning in silkol). TRAIL (TNF- 
related apoptosis-inducing ligand) and its receptors form 
one tigand/receptor system that has been recently identi- 
fied primarily through database screening, which has 
generated a great deal of interest in the field of cell death 
and will be the focus of this review. 


TRAIL and apoptosis 

While searching an expressed sequence tag (EST) data- 
base using a conserved sequence contained in many TNF 
family members, Wiley et al. (4] identified an EST that 
was then used to clone the full-length cDNA for TRAIL, 
also known as Apo-2 ligand [5J. Like all but one member 
of this cytokine family, TRAIL is a type II membrane pro- 
tein having an intracellular amino-tcrminal portion and its 
carboxyl terminus outside the cell. The extracellular 
domain of TRAIL is homologous to that of other family 
members; its highest amino acid identity is to Fas ligand 
(28%), while it has significant identity to TNF-a (23%), 
lymphotoxin-a (23%) and lymphotoxin-P (22%). Based on 
the crystal structure of TNF (6J it seemed likely that the 
most biologically active form of TRAIL would be a trimcr; 
indeed studies with soluble TRAIL have found multimcr- 
ic, or cross-linked, versions to be more effective at 
inducing apoptosis than monomelic TRAIL [4J. In addi- 
tion, these early studies identified two other unique 
characteristics of TRAIL: first, TRAIL induces apoptorJc 
cell death only in tumorigenic or transformed cells and not 
in normal cells (4J; second, in contrast to other members of 
the TNF family, whose expression is tightly regulated and 
only transiendy expressed on activated cells, mRNA for 
TRAIL is detected in a wide range of tissues including 
peripheral blood lymphocytes, spleen, thymus, prostate, 
ovary, small intestine, colon and placenu; but not brain, 
liver or testis (4). This broad expression of TRAIL sug- 
gested that the regulation of TRAIL-induccd death was 
through t cstricted receptor expression. 

The TRAIL receptor family 

The search for a TRAIL receptor ended, or so it seemed, 
in early 1997 with the identification of DR4. Using the 
sequence of the death domain (DD) from theTNF recep- 
tor 1 (TNF-Rl) to search an EST database. Pan et al [V] 
identified an EST done that was subsequently used to 
clone the full-length cDNA for DR4 (hereafter referred to 
as TRAIL-Rl). This protein, of 468 amino acids, has many 
of the characteristics of other death-inducing receptors in 
the TNF receptor family- The signal peptide sequence at 
the beginning of the molecule suggests that TRAIL-Rl is 
a type I membrane protein, containing two extracellular 
cysteine-rich pscudorepeats. In addition, the cytoplasmic 
domain of TRAIL-Rl contains a DD similar to that in 
TNF-Rl. DR3, Fas and CARL Interestingly, northern 
blot analysis indicates that TRAIL-Rl mRNA is 
expressed in many of the same tissues as TRAIL mRNA. 

Shortly after the identification of TRAIL-Rl, several 
groups reported a second receptor for TRAIL. Pan et al 
(8*1 and Sheridan tt al 19*1 searched an EST database 
using the sequence of the ligand-binding domain of 
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Introduction 

Although cellular death was first observed over 150 years 
ago during studies on amphibian metamorphosis (cited in 
[1]), it was not pursued with as much interest as other basic 
cellular processes because most scientists thought it was 
simply a degenerative phenomenon produced by injury. 
The idea chat cell death occurred as a genetically con- 
trolled event in healthy animals did not gain wide 
acceptance until the early 1980s through studies in the 
nematode Cacnorhabditis elrgans (2,3 J. Dramatic advances 
in apoptosis research have occurred recently, with the 
identification and characterization of numerous cell-death- 
inducing molecules and their cognate receptors as well as 
the dissection of the molecular components of the cell 
death machinery. Many of these advances stem from 
biotnformatic approaches using motifs derived from previ- 
ously characterized molecules to search generic databases 
for related proteins (cloning in siiko?). TRAIL (TNF- 
related apoptosis-inducing ligand) and its receptors form 
one ligand/receptor system that has been recently identi- 
fied primarily through database screening, which has 
generated a great deal of interest in the field of cell death 
and will be the focus of this review. 


TRAIL and apoptosis 

While searching an expressed sequence tag (EST) data- 
base using a conserved sequence contained in many TNF 
family members, Wiley tt al [4] identified an EST that 
was then used to clone the full-length cDNA for TRAIL, 
also known as Apo-Z ligand J51 Like all but one member 
of this cytokine family, TRAIL is a type II membrane pro- 
tein having an intracellular amino-tcrminal portion and its 
carboxyl terminus outside the cell. The extracellular 
domain of TRAIL is homologous to that of other family 
members; its highest amino acid identity is to Fas ligand 
(28%), while it has significant identity to TNF-a (23%), 
lymphotoxin-a (23%) and lymphotoxin-0 (22%). Based on 
the crystal structure of TNF (6] it seemed likely that the 
most biologically active form of TRAIL would be a trimcr, 
indeed studies with soluble TRAIL have found multimcr- 
ic, or cross-linked, versions to be more effective at 
inducing apoptosis than monomelic TRAf L [A]. In addi- 
tion, these early studies identified two other unique 
characteristics of TRAIL: first, TRAIL induces apoptotic 
cell death only in tumorigenic or transformed cells and not 
in normal cells [4J; second, in contrast to other members of 
the TNF family, whose expression is tightly regulated and 
only transiendy expressed on activated cells, mRNA for 
TRAIL is detected in a wide range of tissues including 
peripheral blood lymphocytes, spleen, thymus, prostate, 
ovary, small intestine, colon and placenta; but not brain, 
liver or testis [4). This broad expression of TRAIL sug- 
gested that the regulation of TRAlL-induced death was 
through restricted receptor expression. 

The TRAIL receptor family 

The search for a TRAIL receptor ended, or so it seemed, 
in early 1997 with the identification of DR4. Using the 
sequence of the death domain (DD) from theTNF recep- 
tor 1 (TNF-R1) to search an EST database. Pan a at \V\ 
identified an EST clone that was subscquendy used to 
done the full-length cDNA for DR4 (hereafter referred to 
as TRAIL-R1). This protein, of 468 ammo acids, has many* 
of the characteristics of other death-inducing receptors in 
the TNF receptor family. The signal peptide sequence at 
the beginning of the molecule suggests that TRAIL-Rl is 
a type I membrane protein, containing two extracellular 
cysteine-rich pseudorepcats. In addition, the cytoplasmic 
domain of TRAIL-Rl contains a DD similar to that in 
TNF-R1, DRV Fas and CARL Interestingly, northern 
blot analysis indicates that TRAIL-RI mRNA is 
expressed in many of the same tissues as TRAIL mRNA. 

Shortly after the identification of TRAIL-Rl. several 
groups reported a second receptor for TRAIL. Pan tt aL 
|8*1 and Sheridan tt al |9*J searched an EST database 
using the sequence of the Hgand-binding domain of 
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TRAIL-R1 co find DR5 (or TRAIL-R2). In contrast. 
Walczak rf ///. (10"1 biochemically purified TRAIL-R2 
from the surface of TRAlL-scnsiiivc cells. TRAIL-R2 is a 
protein, of 41 1 amino acids, which is highly homologous to 
TRAIL-Rl (58% identity). TRAIL-R2 also is a type i 
transmembrane protein, with two extracellular cysteine- 
rich pscudorc peats and a cytoplasmic DD; its mRNA is 
expressed in most of the same tissues as TRAIL-Rl and 
TRAIL. The existence of two distinct apopiosis-inducing 
TRAIL receptors increased the complexity of the 
TRAIL/TRAIL-R system, primarily in regard to how 
some (i.e. untransformed) cells remain resistant toTRAIL- 
induccd death, whereas others (i.e. tumor cells or virally 
infected fibroblasts) arc sensitive. 

The differences in sensitivity of normal, versus tumor, 
cells to TRAIL cytotoxicity may be in the form of two 
additional TRAIL receptors, TRA|L^R3 and TRAIL-R4. 
The ligand-binding domain of TRAIL-Rl was used to 
search EST databases; thus the 299-amino-acid TRAIL- 
R3 tiri (or TRID/DcRl; 18\9*J) was discovered. It is 
58% and 54% identical to TRAIL-Rl and TRAIL-R2, 
respectively. Then the gene encoding the 386-amino-acid 
TRAIL-R4 |12-1 (or DcR2; [I31> was identified from a 
cDNA library using a probe from the TRAIL-R3 ligand- 
binding domain; it is 58%, 57% and 70% identical to 
TRAIL-Rl, -R2 and -R3 respectively One interesting 
aspect of TRAIL-R3 and -R4 is that while their extracel- 
lular domains arc similar to the other two receptors, their 
cytoplasmic domains differ remarkably TRAIL- R4 con- 
tains only a partial DD and docs not mediate apoptosis 
upon ligation U2M3J. TRAIL-R3 is, perhaps, even more 
unique because it is devoid of any transmembrane or 
cytoplasmic residues and is glycosylphosphattdylinosiiol- 
linked to the cell surface 18\9\U*J. Northern blot 
analyses have demonstrated that the number of tissues 
constitutively expressing mRNA for TRAIL-R4 is nearly 
as great as with TRAIL-Rl and TRAIL-R2 JI2M3] but 
that the range of tissues expressing TRAIL-R3 mRNA is 
more limited [8\9M V\. The genes for the four receptors 
are rightly clustered on human chromosome 8p21-22 
(10*-12*1, suggesting that they evolved relatively recently 
via gene duplication. 

TRAIL receptor expression and 
sensitivity/resistance 

Constitutive expression of TRAIL mRNA in a wide vari- 
ety of tissue and cell types [4) suggests that regulation of 
apoptosis is mediated by restricted expression of the 
TRAIL receptors; however, as noted above, mRNA for the 
four TRAIL receptors is also expressed in a wide range of 
normal tissues; furthermore, recent studies have demon- 
strated that each of the four receptors is capable of binding 
* TRAIL with comparable binding affinity (less than 1 
nanomolar) (1 1M2 - ). Thus, the current hypothesis is that 
the nonsignaltng receptors act as *dccoys* and that this is 
the chief mechanism determining whether a cell is resis- 
tant or sensitive to TRAlL-induced death 18\9\I3]. 


Support for the 'decoy hypothesis* arose from experiments 
utilizing TRAIL-scnsitivc target cells transfrcted with 
cither TRA1L-R3 or -R4, that resulted in a reduction in 
the amount of apoptotic cell death |8\9*,i3l. Rather sur- 
prisingly, though, TRA1L-R4 appears to be more effective 
than TRAIL-R3 in protecting target cells to TRAIL- 
induccd death [12*J. While TRAIL-R3 and/or -R4 
expression may indeed be a means of regulating TRAIL- 
mediatcd apoptosis, results from our laboratory analyzing 
TRAIL-R mRNA expression using RT-PCR in a panel of 
human tumor cell lines indicated no correlation between 
TRAIL resistance and TRAIL-R3/-R4 mRNA expression 
(Table 1). Several TRAIL-scnsitivc tumor lines tested 
positive for TRAIL-R3 and/or -R4 mRNA. Ukewisc, 
some of the TRAlL-resistant lines were negative for 
TRAIL-R3 and/or -R4 mRNA. Screening of over 60 addi- 
tional human tumor ccH lines (kindly supplied by the 
National Cancer Institute) did not demonstrate any obvi- 
ous correlation between TRAILER mRNA expression and 
the level of sensitivity to TRAIL (TS Griffith, DH Lynch, 
unpublished data). Although it is clearly possible that 


Table 1 


TRAIL receptor-expression In human tumor cett lines and 
sensitivity to TRAR-mduced apoptosis. 


~T : 

CeOtype 

Sensitive/ 
resistant* 

Expression ofl mRNA for TRAILER (TR) 
TR-1 TR2 TR-3 TR-4 

Melanoma 






WMfl 

Sensitive 

- + 


+ 

+ 

WM35 

Sensitive 


+ 



WM08-1 

Sensitive 

+ 




WM 164 

Resistant 


+ 

+ 


WW 793 

Sensitive 



+ 


WM852 

Resistant 

+ 

+ 


• + 

WM 902 

Resistant 


+ 



WM 1158 

Sensitive 

• + 

+ 



WM 1205 

Sensitive 

+ 


+ 


WM 1341 

Resistant 

+ 

+ 


NO 

WM 1552 

Sensitive 

+ 



WM1791 

Resistant 

♦ 

+ 

4- 


WM1799 

Sensitive 

+ 

+ 


+ 

WM3211 

Resistant 


+ 



Colon carcinoma 





KT29 

Resistant 

+ 



+ 

SW620 

Resistant 

+ 


4- 

+ 

HCT-15 

Sensitive 

+ 

+ 


+ 

COIO205 

Sensitive 


+ 

+ 

+ 

Breast adenocarcinoma 





MDA231 

Sensitive 

+ 

+ 


+ 

MCF7 

Sensitive 

♦ 


+ 


lung adenocarcinoma 





H2128 

Sensitive 




+ 

Others 





+ 

Oatxfi 

Resistant 





Jurkat 

Sensitive 

+ 




K562 

Resistant 

+ 

+ 



Rap 

HL-60 

Resistant 
Resistant 

+ 
+ 

♦ 

+ 

+ 
+ 

PS-1 

Sensitive 


+ 


NO 

U937 

Sensitive 

+ 


+ 


•Cell lines «« considered sensitive * 

upon addition oi 300 ng/ml teucine-zipper-TRAn. H 01. NO. not done. 
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mRNA expression may not reflect cell-surface expression 
of these proteins, data recently obtained using monoclonal 
anybodies specific for TRAIL receptors appear to be con- 
cordant with the PCR analyses (TS Griffith, MZ kubin, 
unpublished data). 

An alternative hypothesis explaining the differential sensi- 
tivity of normal cells and tumor cells to TRAIL may 
rcvolvc around the ability of TRAIL- R4 to provide intra- 
cellular amiapoptotic signals. Activation of the 
transcription factor NF-kB can prevent cells from under- 
going TNF-induced cell death, probably by 
transcriptionally uprcgulating a gene, or group of genes, 
whose products arc critical for providing resistance to 
apoptosis 114,151. Since ligation Of TRAIL-R4 also results 
In the activation of NF-kB 1 1 2*1, the failure to activate 
these amiapoptotic proteins may make previously resistant 
tumor cells sensitive to TRAIL-induced death; however, 
ligation ofTRAlL-RI and -R2 alsorcsults in the activation 
of NF-kB {16,171, though still resulting in apoptotic cell 
death. Thus, such explanations cannot fully account for 
resistance to TRAIL-induced apoptosis. 

Perhaps a more tenable hypothesis involves differential 
expression of intracellular inhibitors of the apoptotic 
process. Initial experiments examining ihe-signaiing of the 
death-inducing TRAIL receptors were based on their sim- 
ilarity to the well characterized death receptors Fas and 
TNF-R1. Activation of the cell death machinery through 
Fas or TNF-Rl requires the binding of Fas-associated DD 
protein (FADD) directly <as in Fas-induced death) or indi- 
rectly (as in TNF-Rl -induced death mediated by 
TRADD [TNF-Rl -associated DD protcinl binding to 
FADD), to the DDs of these receptors [18]. This facilitates 
the binding and activation of caspase-8 to the receptor 
complex, which in turn activates other caspascs and leads 
to cell death [18,191. Thus, it was tested whether TRAIL- 
Rl and -R2 also associated with the adaptor 
proteins — namely FADD, TRADD and RIP (receptor- 
interacting protein) — utilized by Fas and TNF-Rl 
17*-9*J. Results from experiments using cells iransfcctcd 
with these adaptor proteins demonstrated that neither 
TRAIL-Rl nor -R2 bound directly to these adaptor mole- 
cules. Additional examination of the TRAIL-Rl and -R2 
signaling pathways indicated that expression of a domi- 
nant-negative form of FADD was unable to block 
apoptotic death; whereas the addition of the caspase 
inhibitors, cytokine response modifier A (CrmA) and car- 
bobenzyloxy (z) VAD, inhibited apoptosis mediated by 
TRAIL-Rl and -R2 {7*-9*l. This suggested the associa- 
tion of an unknown adaptor that connected TRAIL-Rl 
and -R2 to the cell death machinery. Subsequent studies, 
though, reported contradictory findings by showing the 
direct binding of FADD and TRADD to these two 
TRAIL receptors and the inhibition of TRAIL-induced 
death with dominant-negative forms of cither FADD or 
TRADD 110M6.17}. The reason behind these discrepan- 
cies is not entirely clear, but they may be explained by 


differences in the relative expression levels of these mole- 
cules in the transfectants used in the experiments. 

Studies from our laboratory' examining caspase activation 
have revealed that many of the same caspascs involved in 
Fas- and TNF-induced apoptosis arc also important during 
TRAIL-induced death. Caspasc-8 activation can be seen 
within minutes after the addition of TRAIL to sensitive 
cells, suggesting it may be one of the proximal components 
in the signaling pathway [20*1- Other reports have demon- 
strated the recruitment of caspasc-10 (FLtCE2/Mch4; 
- [21,22]) to the TRAIL-Rl and -R2 signaling complexes 
(8 # ). Shortly after caspase-8 activation we have also detect- 
ed activation of caspasc-3, one substrate of caspasc-8 and 
-10 [20*1. Collectively, these results indicate the presence 
of a caspase pathway from the death-inducing TRAIL 
receptors that is similar to the one seen with other TNF 
family members, suggesting that many of the proteins 
recruited to other death receptor complexes are also 
recruited to TRAIL-Rl and -R2 complexes by way of spe- 
cific adaptor molecules. This also leads to the potential of 
intracellular regulation of the caspase signaUng cascade 
from the TRAIL receptors, as seen with other death recep- 
tors. A potential signaling cascade from TRAIL-Rl and 
-R2, as well as and the possible points of inhibition, are 
presented schematically in Figure 1 

Some degree of intracellular regulation is indicated when 
TRAlL-resistant melanoma cells arc cultured in the pres- 
ence of cither actinomycin D or cyclohcximidc, resulting 
in their conversion to a TRAIL-scnsitive phenotype 
[20*1- One possible explanation is the presence of an anti- 
apoptotic molecule with a short half-life, that inhibits the 
caspase activation or mitochondrial alterations that arc 
associated with induction of apoptosis [23,24}. When 
examining the levels of known apoptosis inhibitors, we 
found that TRAIL-rcsistant melanoma lines contained 
high levels of FADD-likc 1L- 1 p-con verting enzyme 
(FLICEHikc inhibitory protein (FLIP) [20*1 — a recent- 
ly identified protein homologous to caspasc-8 that lacks 
catalytic activity 125*]- FLIP levels decreased when cells 
were cultured with actinomycin D t paralleled by an 
increase in their sensitivity to the effects of TRAIL [20*]. 
While these results suggest a significant role for FLIP 4n 
controlling the susceptibility of tumor cells to the apop- 
tosis-inducing effects of TRAIL, we cannot rule out the 
possibility that other factors, both intra- and cxtra-ccllu- 
lar, may also play roles in protecting normal cells from 
TRAIL-mcdiatcd apoptosis. 

.Conclusions 

Although TRAIL potently induces apoptosis in tumor cells 
and some virally infected cells, it has little or no detectable 
cytotoxic effects on normal cells. Whereas this was first 
thought to be due to regulated expression of the TRAIL 
receptors, the fact that mRNA for both TRAIL and TRAIL 
receptors-is often expressed in the same cells makes this 
explanation untenable Indeed, the identification of four 
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The cetl death signaling pathway from TRAIL- 
Rl or -R2, as suggested by 
17 # -10\1 6-1 9,20r f 2 1,221- The inhibition 
points in this pathway are based on 
J7--1 0\16~t9,20*,25i. Upon activation ol 
TRAIL-R1 or -R2. (a) procaspase-8 or -10 are 
recruited (b) with adaptor proteins (FADO. 
TKADO or a novel adaptor). FLIP can inhibit 
either step, (c) Active caspase-8 or -10 are 
formed and (d) activate procaspase-3 and 
possfcry other caspases. which can be 
inhibited by IETD (single-tetter code "rs used 
for amino acids), (e) Caspase-3 causes PARP 
(pofy lADP-ribose) polymerase) cleavage and 
DNA degradation (this can be Mocked by 
cytokine response mooter ICrmlAvDEVO or 
carbobenzytay W VAO). (0 Ultimately eel 
death may occur. 


distinct TRAIL receptors has significantly increased the 
potential complexity of this rcceptor/iigand system. Based 
on current information it seems likely that multiple factors, 
both intra- and extra-cellular, may function together to pro- 
tect normal cells from the cytotoxic effects of TRAIL, but 
many questions remain. Arc there additional receptors for 
TRAIL? Besides induction of apoptosis, arc there other 
biological consequences of TRAIL ligation? What are the 
biological functions for TRAIL- R3 and -R4? Why should 
such a high proportion of tumor cells be sensitive to the 
apoptosts-inducing effects of TRAIL? And, perhaps most 
importantly, can wc use the difference in sensitivity to the 
effects of TRAIL in tumor cells, compared to normal cells, 
to develop a powerful new therapeutic approach to the 
treatment of cancer in vivof 
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